Abstract: We present a new mechanism to realize broadband transmission (BT) at near infrared in a dual-layer metallic-silver-grating structure with a silicon nitride dielectric spacer. The physical mechanism is ascribed to thepartial degeneracy between the firstorder magnetic polariton ðMP 1 Þ mode supported in the thin dielectric spacer and the Fabry-Pérot-like resonant modes supported in the gratings' slits. With parameters optimized, high transmittance up to 85% with full-width-at-half-maximum bandwidth of 64% near 1.9 m can be realized for TM-polarized light. Moreover, the BT can be maintained in a large range of oblique incident angles from 0 to 30 . In another word, the BT is capable of not only collimated beams but also noncollimated incident lights. Moreover, the high-transmission window can be tuned in the IR spectrum region by modulating the metallic gratings' thicknesses.
Introduction
Extraordinary optical transmission (EOT) phenomenon in a one-dimensional single layer metallic grating (SMG) has been widely investigated in recent years. The physical origins are usually ascribed to the excitation of surface plasmons (SPs) [1] - [3] (or spoof SPs (SSPs) for highly conducting structure [4] ), and/or the Fabry-Pérot (FP)-like resonances in the defects [5] - [7] . Additional mechanism to tunnel light by the high magnetic field concentrated around the metallic films is also evidenced [8] , [9] . However, SMG usually supports narrowband transmission because of its resonant nature.
Nevertheless, broadband transmission (BT) was also evidenced in SMG only if the TM polarized light (with magneticfield parallel with the slits) incidents on the structure at Brewster angle [10] - [12] . Physically this is due to the ultra-broadband impedance matching ofmetallic grating. However, the demanding requirement for incident angle obstructs the application. Recently, Lei Zhang reported a two-dimensional structure consisting of one seamless silver film sandwiched by two dielectric slabs and two disk arrays that can achieve robust BT in the near infrared regime [13] . In the structure, the upper and lower parts act as the light in-couplerand out-coupler, respectively. Due to the hybridization of plasmon modes and resonant modes with different symmetriessupported by the structure, broadband transmission is achieved even though the metallic slab in the middle is seamless.In fact, similar work was done previously by Hao [14] at optical telecommunication frequencies around 1.5 m.
In this paper, we present a new mechanism to achieve BT in another nanostructure, i.e., a one-dimensional dualmetallic gratings (DMGs) structure with a dielectric spacer of SiNx in the center for TM polarized incident light. Eventhough this structure was denied by Zhang [13] for the application of BT because of the alleged sensitive dependence of transmission on the relative position of both layers. Nevertheless, as evidenced below, by exciting the first-order magnetic polariton mode ðMP 1 Þ in the thin dielectric spacer and introducing its hybridization with the FP-like resonant modes supported in the slits, a BT with full width at half maximum (FWHM) bandwidth of 64% around 1.9 m is realized. The transmission characteristics of DMG shave been previously studied by Cheng [15] , [16] , however, not been systematically studied for the application of BT. On the other hand, it is a quite different situation and needs more careful analysis when a high index dielectric slab is sandwiched. The BT phenomenon presents very weak dependence on the incident angleðÀ30 $ 30 Þ of TM light and structural mismatches and misalignments, which may leads to lots of applications such as broadband optical polarizer, antireflection material and transparent windows with antennas [17] .
New Bumped Resonant Mode (NBRM) in DMGs and Qualitative Interpretation
The general geometry under investigation is shown in Fig. 1(a) , which consists of a SiNx dielectric slab with thickness of h 2 sandwiched by two silver gratings with thicknesses of h 1 and h 3 , respectively. The grating period p is fixed at 0.5 m; metallic stripe widths are r 1 and r 3 for the two SMGs, respectively; lateral displacement between the two SMGs is labeled as L. Rigorous coupled wave analysis (RCWA) method is used to calculate the propagation of electromagnetic fields [18] . In our calculation, the dielectric constant of SiNx is obtained according to Sakat and Ghenuche [19] , [20] . Refractive index of silver is taken from the tabulated results of Palikby interpolation [21] .
For a SMG, two mechanisms, i.e., the excitation of SPs on the metallic-dielectric interfaces and the excitation ofFP-like resonances supported in the slits contribute to the widely reported EOT [1] - [7] . The incident light is firstly converted to free electrons charge waves (surface waves) propagating on the top surface of the metallic grating, which is impeded by the slits' corners to formoscillating dipoles at the entrances of the slits [ ba ! in Fig. 1(c) ] [3] , [6] , [7] . These oscillating dipoles act as light sources which radiate some new wavelets into the slits and finally induce inverse oscillating dipoles at the exits of the slits [ dc ! in Fig. 1 When a dielectric spacer is introduced in the center of the SMG, a new bumped transmission peak that is unexplored by Cheng [15] , [16] arises in the longer wavelength region, as presented in Fig. 1(b) . The resonant wavelength of this NBRM is firstly blueshifted and then redshifted with the increase of the dielectric spacer's thickness. This phenomenon can be qualitatively explained with the assistance of charge distribution in Fig. 1(d) , which is illustrated according to the actual field distribution (not shown here). Except for the oscillating dipoles ba ! and dc ! , additional oscillating dipoles DA ! , BC ! , DC ! and BA ! are formed in the DMGs structure. When the thickness of dielectric spacer is very small ðh 2 ( s 1 Þ, the attraction force between A and D ðA $ DÞ is much larger than that between A and B ðA $ BÞ. Similarly, B $ C is larger than D $ C. As a consequence, most energy ofthe incident light is converted into the oscillating dipoles DA ! and BC ! , which radiate wavelets along the horizontal direction with inverse propagation direction to form a cavity-like resonance in region BB 0 C 0 C. This resonance is the physical origin of the NBRM when the dielectric spacer's thickness is very small. The resonant wavelength of this mode can be roughly estimated as ¼ 2r 1 n d;eff , where n d ;eff is the effective refractive index of material in the cavity BB 0 C 0 C, which gradually decreases ash 2 increases. Consequently, the resonant wavelength is firstly blueshifted. However, ifh 2 is increased comparable to or even larger than s 1 , the physical mechanism of the NBRM is changed. In such acase, the attraction force A $ B and D $ C is larger, and the incident energyis mostly converted into oscillating dipoles BA ! and DC ! . As a result, the NBRM has evolved into acavity-like resonance supported in the dielectric spacer along the vertical direction (which can be verified by the field distribution presented below). Therefore, the resonant wavelength of the NBRM will be redshifted by further increasing h 2 .
Quantitative Physical Model for the NBRM
Since we have presented the NBRM supported in DMGs and given qualitatively interpretation of the physical origins, here in this section, we endeavor to develop a quantitative physical model for the NBRM supported in the dielectric spacer with the help of field distributions at two representative NBRMs presented in Fig. 2 Obviously their physical mechanisms are different.
For thinner dielectric spacer, the magnetic field is highly confined between the upper and lower metallic ridges (region BB 0 C 0 C). The electric field vector suggests the diamagnetic behavior as an electric current induced by oscillating magnetic fields, and these behaviors suggest that this resonant mode can be physically classified into the first-order magnetic polariton ðMP 1 Þ mode [22] , [23] , which arises from the fact that a time-varying magnetic field along the metallic ridges can induce an electric current at the surface of Ag ridges with opposite directions according to Lenz's law. However, if the dielectric spacer is even thicker, the magnetic field spreads over all regions in the dielectric spacer rather than well confined in region BB 0 C 0 C [(b)], which indicates that the mode has evolved into the first-order FP-like resonance in the dielectric slab along the vertical direction. Infact, in Cheng's paper [15] , higher orders (second-, third-, . . .) FPlike resonances along the vertical direction have been observed. The electric field vector (black arrows drawn according to the actual field distribution) verifies the qualitative interpretation for NBRM in Section 2.
However, as evidenced below, it is the resonant mode MP 1 supported in the thinner dielectric spacer that contributes to the BT in DMGs, so we focus on it and develop a LC circuit model [22] , [23] according to the field distribution to quantitatively predict the resonantwavelength of it, as depicted in Fig. 2(c) . The equivalent simplified LC circuit model in one unit cell is presented in Fig. 2(d) . L m1 and L m2 represent the inductances between the upper and lower parallel metallic stripes;L e1 and L e2 are the inductances contributed by drifting electrons; the capacitance cross the dielectric gap between the upper and lower metal stripes is C d , while C s1 and C s2 are the capacitances across the slits of the upper SMG andthe lower SMG, respectively. The definitions of these parameters are given as
where " 0 and 0 are the permittivity and permeability of vacuum, respectively; " d is the relative permittivity of SiNx slab. ! p ¼ 1:346 Â 10 16 rad/s is the plasma frequency of silver taken from [15] ; l is the metallic stripe length along axis y, which will be eliminated in the final calculation; A ¼ l is the cross-section area of induced electric current with ¼ =ð4Þ represents the power penetration depth of EM fields in silver. is the extinction coefficient of Ag taken from Paik [21] ; c 1 is an adjusting parameter accounting for the nonuniformcharge distribution at the metal surfaces. r ¼ minfr 1 ; r 3 g for DMGs without lateral shift ðL ¼ 0Þ. However, if lateral shift is introduced, r is defined as the overlapped stripe width r 3 À L according to the confined magnetic field distribution (not shown here). With these fundamental definitions, the total impedance of the LC circuit in one period of structure can be expressed as
where
, and the magnetic resonant wavelength of modeMP 1 is obtained when the total impedance equals zero. Consequently
for a symmetric DMGs withC s1 ¼ C s2 , formula (6) reduces to
where c 0 is the velocity of light in vacuum. Basing on the LC circuit model, the resonant wavelengths of mode MP 1 in symmetric DMGs are calculated and labeled in Fig. 2 (e) with black squares. They agree well with the results calculatedfrom RCWA method with parameter c 1 to be adjusted from 1.05 to 0.75 (c 1 decreases nearly monotonously as h2 increases, due to the decrease of attraction force between the charges on surfaces BB 0 and CC 0 ). However, when the dielectric gap is larger, the magnetic field can't be well confined between the upper and lower metallic stripes [region BB 0 C 0 C], our model fails to predict the resonant position of the mode because it has evolved into the first-order vertical FP-like resonant mode supported in the slab rather than the MP 1 mode. Besides, basing on the general formula (6), the LC circuit model can also give good prediction of mode MP 1 for an asymmetric DMG with parameters r 1 6 ¼ r 3 , as depicted in Fig. 2(f) . The green line with filled triangles represents the nonuniformcharge distribution at the metal surface. As can be seen, the larger discrepancy between r 1 and r 3 makes the charge distribution more nonuniform, which isreasonable. When r 3 equals 0.35 m, i.e., r 3 ¼ r 1 , we reach the critical situation of symmetric DMG with minimal nonuniformity of charge distribution. Another kind of asymmetric DMGs (L ¼ 0, h 1 6 ¼ h 3 , r 1 ¼ r 3 ) is also investigated by fixing h 1 and varying h 3 . In such a case, mode MP 1 is red-shifted as h 3 increases due to its coupling with the FP-like resonances supported in the gratings' slits.
BT Based on MP 1 Resonant Mode
In the above sections, the NBRM supported in DMGs structure with thinner dielectric spacer has been qualitatively and quantitatively analyzed, which is physically identified as the resonant mode MP 1 . However, the results presented above are all forthe case without lateral displacement ðL ¼ 0Þ between the upper and lower SMGs, but one may wonder howdoes the transmission spectrum change if lateral displacement is introduced? Fig. 3(a) presents the transmission lines with six lateral displacements at0 nm (black solid line), 80 nm (red dashed line), 130 nm (blue dotted line), 180 nm (green dash-dotted line), 200 nm (purple short dashed line with under region filled) and 250 nm (orange dash-dot-dotted line). As shown, the MP 1 mode is blue-shifted as L increases. It can be qualitatively ascribed to the decrease of cavity length ðr ¼ r 3 À LÞ according to the field distribution at MP 1 , as presented in Fig. 3(b) .
When L is increased up to 80 nm, the first-and second-order of FP-like resonant modes supported in the slits are also partially degenerated to form a transmission peak around = 1.41m with peak transmittance of 0.82 and FWHM of 14%. This phenomenon was previously observed by Cheng [15] . However, our attention is mainly paid on the BT when L is increased up to 0.2 m, at which the resonant mode MP 1 is blueshifted to partially degenerate with theFP-like resonant modes supported in the slits [purple dash-dot-dotted line with under area filled]. The BT locates around = 1.9 m with peak transmission of 85% and FWHM of 64%. The bandwidth is superior to that of Zhang's and Hao's [13] , [14] , who got 39% FWHM around = 1.0 m. More calculations are also performed to move the BT to = 1.0 m for comparison. The parameters are modified as:
We got a peak transmittance of 0.87 at ¼ 1:0 m with FWHM of 51%.
In Fig. 3(c) , the two dimensional transmission map with scanning parameter L is presented so as to clearly show the variation of transmission. A quantitatively good prediction of the resonant wavelength of MP 1 is also performed and depicted as the black squares.The overlapped ridge width r decreases as the increasing of lateral displacement, resultingin the decrease of the capacitance C d and inductances L m , L e according to (1)-(3) . Consequently, the resonant mode MP 1 is blueshifted from (7). However, the LC circuit model is only applicable for L 2 ½0; 0:15 m in which range the MP 1 mode doesn't strongly couple with the FP-like resonant modes in the slits and the magnetic fields are well confined in the overlaped region between the upper and lower metallic stripes [ Fig. 3(b) ]. The adjusting parameter c 1 varys from 0.8 to 1.55 gradually as L increases from 0.0 m to 1.5 m, which indicates the charge distribution on the metallic surfaces is more nonuniform when the overlaped metallic ridge width r ¼ r 3 À L decreases.
Stability of BT
Since the BT phenomenon has been presented in DMGs structure and the physical mechanism is clearly evidenced to be the partially degeneracy between the resonant mode MP 1 supported in the thinner SiNx spacer and the FP-like resonant modes supported in the slits, it is necessary to investigate the stability of the BT in consideration of application. The influences of structural parameters mismatches between the upper and lower SMGs on the BT phenomenon are shown in Fig. 4(a) and (b) . In the calculation, we fixed the parameters of the upper SMG and changed the corresponding parameters of the lower one. Difference values Áh and Ár are defined as: Áh ¼ h 3 À h 1 and Ár ¼ r 3 À r 1 , respectively. When thickness of the lower SMG h 3 increases from 0.3 m to 0.4 m [Fig. 4(a) ], the BT exhibits slight red shift, due to the FP-like resonantmodes supported in the SMGs' slits. Meanwhile, the amplitude is maximized when the two SMGs share the same thickness.The larger discrepancy between h 1 and h 3 will make the transmission even lower. This can be interpreted with the coupled mode theory (CMT) [13] .
In Fig. 4(b) , when the ridge width r 3 of the lower SMG grows from 0.3 m to 0.4 m, the BT splits into two transmission peaks. One of them is gradually red-shifted (as indicated by the vertical solid color lines) but the other one is fixed at the same resonant wavelength (at indicated by the white vertical line). In fact, the shifted transmission peak at longer wavelength is exactly the MP 1 mode, which is supported in the thin dielectric gap between the overlapped metallic stripes. When r 3 increases, the length of overlapped stripe grows, and certainly the MP 1 mode is red-shifted. Meanwhile, the transmittance is suppressed for larger stripe width because the channel of light becomes smaller. Nevertheless, the BT supported in our structure can also sustain the structural parameters mismatches in a larger range ($20 nm), which is in the limit of accuracy of modern nano-manufacture industry. Besides, the large tolerance of lateral displacement of BT (L ¼ 0:2 m $ 0:25 m) has been previously evidenced in Fig. 3(c) .
In Fig. 4(c) , the evolution of BT as a function of metallic gratings' thicknesses ðh 1 ¼ h 3 Þ is investigated. Interestingly, the BT is redshifted in a nearly monotonous way without degradation as the increasing of gratings' thicknesses. Meanwhile, the bandwidth of BT is increased with the maximal transmission unchanged. Consequenty, the BT can be designed for certain wavelength range according to actual application. The vertical dashed line corresponds to h 1 ¼ h 3 ¼ 0:35 m discussed above.
In addition, since the current existing method in realizing BT based on SMG [10] - [12] is sensitive to the incident angle of TM polarized light, it is necessaryto study the influence of TM light's incident angle [ in Fig. 1(a) ] on the BT supported in our structure. As evidenced in Fig. 4(d) , the BT has large angular tolerance ðÀ30 $ þ30 Þ, which makes our structure usefulnot just for well collimated light beams, but also for diverging and converging lights. This character is interesting when the component is integrated in optical system.
Conclusion
In summary, we have proposed a new mechanism to realize BT with FWHM 64% in the near infrared region around 1.9 m by exploiting a DMGs structure. Physically, the BT is attributed to the partial degeneracy of two kinds of resonant modes: one is the MP 1 mode supported in the thin SiNx spacer between the overlapped metallic stripes of the upper and lower SMGs; the other is the FP-like resonant modes supported in the gratings' slits. The BT can sustain those structural parameters mismatches and misalignments between the upper and lower SMGs. Furthermore, the broadband transparent window can be adjusted in the IR spectrum region by modulating the metallic gratings' thicknesses. Besides, the BT is robust against the incident angle of TM polarized light, which makes it capable for not only collimated beams, but also non-collimated incident lights. Accordingly, the proposed structure may act as a promising broadband optical polarizer or transparent conductor, and would be interesting for the integration ofthe component in optical systems.
